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Abstract
The dynamics of a quantum dot laser (QDL) subject to isotropic and polarization-rotated
optical feedback has been investigated experimentally. The polarization and frequency
structures of the solitary QDL have been studied for a wide range of bias currents. Our
results show that the solitary laser is mainly linearly polarized and operates in the multimode regime starting from the threshold current. The dynamics of the QDL, represented
by its power spectrum and temporal fluctuation, are studied while varying parameters
including bias current, angle of feedback polarization, feedback strength and external
cavity length. We found that the onset threshold of dynamics is lower for polarizationrotated feedback than for isotropic feedback. This shows that QDLs are more sensitive to
polarization-rotated optical feedback. Strong dynamics are observed at the polarization
angles 45o and 135o , and anti-correlation between the dynamics in orthogonal polarizations is revealed. Additionally, we explored the polarization-resolved optical spectra of
the QDL. The data reveal variations in the optical spectra due to changing the angle
of feedback polarization. The observed variations include different levels of suppressions
and enhancements of individual modes induced by the optical feedback. These suppressions and enhancements are greater for polarization-rotated feedback than for isotropic
feedback.
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Chapter 1
Introduction

1.1

Lasers

The word laser is an acronym for light amplification by stimulated emission of radiation
which constitutes one of the biggest achievements of physics in the twentieth century.
The idea of light amplification was first theoretically introduced by Albert Einstein in
1917, when he proposed the concept of stimulated emission of photons [1]. Light amplification was first achieved in masers, microwave amplification by stimulated emission of
radiation, that generate coherent radiation at the microwave frequencies [2]. Later, the
same operation of amplification was used to generate electromagnetic waves in the visible
range. First, theoretical work by A. L. Schawlow and C. H. Townes published in 1958
provided a platform from which experimental work could follow. Theodore H. Maiman
was then able to apply this to construct the first laser in 1960 at the Hughes Research
Laboratories in California [3]. He made a laser out of ruby and used photographic flashlamps as a pump. The chromium present in the ruby, playing the role of laser medium,
absorbs the green and blue light from the flashlamps and emits red light.
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In its early days, the laser was thought of as a solution that was looking for a problem
[4]. Shortly, the unique characteristics of lasers made them ubiquitous in a wide range of
applications in teaching, research, industry, and entertainment.

1.1.1

The Structure of Lasers

All lasers have three major constituents that combine together to allow the transformation of a input energy into coherent optical output. These three essential elements are:
the pump, the gain medium and the optical resonator. Figure 1.1 shows a schematic
representation of the laser’s constituents.

Figure 1.1: Simplified schematic representation of a laser.

The pump provides energy to the gain medium. This can be achieved using an electrical or optical pump from an external energy source . The input energy excites the
atoms in the gain medium to transit to higher energy levels. For lasing to occur, the
pump should maintain more atoms in high energy levels than in lower energy levels. This
condition is called population inversion.
The gain medium (or active laser medium) is the medium containing the atoms ex2

cited by the pump. A vast variety of materials have been used as gain media in light
amplification. The most common examples of gain media include: semiconductor materials, gases such as for the helium-neon laser, liquids such as organic dyes for dye lasers,
and crystals doped with either rare earth ions or transition metal ions for solid-state
lasers [5].
The optical resonator or optical cavity ensures that light propagates back and forth
through the gain medium. The cavity would support a group of standing waves called
longitudinal modes, while all other frequencies would be suppressed by destructive interference. Similar to the frequencies of standing waves in a string, the frequencies of
longitudinal modes are inversely proportional to the optical cavity length LOC . The
longitudinal modes are then given by

νm = m

c
,
2nLOC

where c is the speed of light, n is the index of refraction of the active medium, and m
is a positive integer. Assuming a constant index of refraction along the optical cavity.
Further, the separation between two adjacent longitudinal modes is

∆ν =

c
.
2nLOC

In most cases, the optical cavity is made of a pair of mirrors surrounding the active
laser medium. This setup is termed a Fabry-Perot resonator. Typically, one mirror has
higher reflectivity than the other, where the mirror with lower reflectivity serves as the
exit of the laser. The radiation bouncing off one mirror passes through the gain medium
where it is amplified before being reflected back by the second mirror. Each time the
light travels through the cavity it gets amplified. If the total gain is higher than the
3

optical losses from the mirrors then the radiation will build up exponentially achieving
light amplification.

1.2

Light-Matter Interactions

The theory of light-matter interaction was first introduced by Einstein in his work on
the photoelectric effect [1]. Einstein postulates that when a photon of energy hν hits the
surface of a certain material it may cause the ejection of an electron due to the transfer of
the energy from light to the electron. Later, it was postulated that the atomic energies are
quantized and that a photon (with the right frequency) can trigger a transition between
two different energy levels. These transitions, called quantum jumps, can be divided into
two categories: photon absorption and photon emission.
Consider a system of two-level atoms with a low energy level E1 and a higher energy
level E2 . The absorption of a photon of energy hν = E2 − E1 results in an increment of
∆E = E2 − E1 in the energy of the atom. This quantum jump is shown in Figure 1.2.

Figure 1.2: Absorption of a photon of energy hν = E2 − E1

Similarly, a photon emission occurs when an atom decays from a high energy level E2
to a lower energy level E1 by emitting a photon of energy hν = E2 − E1 . This emission
can be spontaneous or stimulated by an incident photon. Figure 1.3 shows these two
types of emission.

4

Figure 1.3: Emission of a photon of energy hν = E2 − E1 . (a) Spontaneous emission and (b)
stimulated emission.

A spontaneously emitted photon, as shown in Figure 1.3 (a), can be emitted in any
direction. On the other hand, a stimulated photon, as shown in (b), is emitted with the
same direction, frequency, phase and polarization as the incident photon. In the case of a
semiconductor laser, this “photon cloning” occurs when the incident photon triggers the
recombination of an electron and a hole resulting in the release of energy by radiating an
identical photon. Therefore, stimulated emission is the key to light amplification.
All the above interactions, absorption and emission, take place in the laser’s gain
medium. While both spontaneous and stimulated emissions deplete of the population of
E2 , the pump’s main purpose is to maintain the population at energy level E2 higher
than that at energy level E1 .
There is one more type of transition, called non-radiative transition, that decreases
the population at energy level E2 . This transition, shown in Figure 1.4, does not result

5

in the emission of a photon. Instead, the energy is dissipated is in the form of lattice
vibrations, phonons [6].

Figure 1.4: Non-radiative transition from energy level E2 to a lower energy level E1 .

The above light-matter interactions result in a net gain per unit length, g. Therefore,
for a laser cavity of length, L, formed by two mirrors of reflectivity, R1 and R2 , the round
trip amplification, A2L is given by
A2L = e2Lg R1 R2 .
If A2L < 1, the population of the higher energy level E2 will steadily fade. On the other
hand, if A2L > 1 then the number of photons in the energy level E2 will continuously
increase after each round trip through the cavity. Therefore, a steady state is only
achievable if the round trip amplification is equal to unity. We can then conclude that
the steady state is only achieved if the net gain, for the light-matter interactions, is
g=

1.3

1
ln( R11R2 )
2L

[7].

Semiconductor Lasers

Semiconductor lasers use semiconductor materials as a gain medium. Common examples
of semiconductor materials include gallium arsenide (GaAs), aluminum gallium arsenide
(AlGaAs) and several others [8]. In semiconductor materials, the spacing between atoms
is of the order of 10−10 m causing the wave functions of the electrons to overlap. This
6

overlapping can be treated as a perturbation to the Hamiltonian of the separate electrons resulting in the splitting of their energy levels. As the atomic separation decreases
the splitting increases and the energy spacing becomes insignificant compared to the
bandgap resulting in an approximately continuous energy distribution [9]. The bandgap
is the set of forbidden energy states that separate the valence band (the band with the
highest energy that is completely filled at absolute zero temperature) and the conduction
band (the lowest unoccupied band at T = 0). Therefore, at absolute zero temperature
semiconductor materials acts as insulators. However, as the temperature increases some
electrons gain enough energy to be excited to the conduction band leaving a hole, an
electron defect, in the valence band as shown in Figure 1.5. This makes semiconductor
materials conducting at non-zero temperatures. The resistivity of semiconductor materials decreases as the temperature increases and more electrons move to the conduction
band. Moreover, the resistivity of these materials can also be varied by a mechanism
called doping, which means adding charge carriers to the material [10].
Figure 1.5 shows the band structure of a bulk, 3-dimensional semiconductor material.
The electron-hole pair that results from the excitation of an electron from the valence to
conduction band via either electric or optical pumping is shown in the left interaction of
the figure. Eventually, the electron decays back to the valence band recombining with
the hole and releasing a photon of energy hν corresponding to the energy gap between
the two bands. This electron-hole recombination can be spontaneous or stimulated by an
incident photon. Only stimulated emissions will result in coherent light amplification.
The motion of charge carriers in semiconductor materials can be limited to zero, one,
two or three spatial dimensions corresponding to a quantum dot, a quantum wire, a
quantum well or a bulk semiconductor, respectively. The confinement of charge carriers
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dictates the density of states and energy distributions of charge carriers in a semiconductor. From statistical mechanics, we can find the expression of the density of states for
each type of spatial confinement as shown in Table 1.1.
Table 1.1: Electronic density of states as a function energy and degrees of freedom of charge
carriers [11].

Degrees

of

freedom

of

Density of states

charge carriers
1

3 (bulk)

ρ3d ∝ E 2

2 (quantum well)

ρ2d ∝ E 0

1 (quantum wire)

ρ1d ∝ E

0 (quantum dot)

ρ0d ∝ δ(E)

−1
2

Figure 1.5: Energy bands structure of a bulk (3D) semiconductor material. Hollow red circles
represent holes, solid red circles represent electrons. The valence and conduction bands are
separated by the bandgap. hν corresponds to the lowest energy transition between the two
bands.

8

Figure 1.6 shows the density of states functions for the three types of spatial confinement. The 3-dimensional confinement in quantum dots (Figure 1.6 d) causes the energy
levels occupied by the electron to become discrete, a characteristic that makes quantum
dots particularly attractive for semiconductor devices fabrication.

Figure 1.6: Density of electronic states for (a) 3, (b) 2, (c) 1 and (d) 0 degrees of freedom for
the charges carries in a semiconductor material.

1.3.1

Quantum dots

Quantum dots are nanoscopic structures made of semiconductors that are a few nanometers in diameter and contain a certain number of electrons that can be varied from one
to several thousand. The small diameter of these nanostructures (2 − 10 nanometers)
results in the 3-dimentional confinement and the discretization of the energy levels discussed above. These discrete, narrowly spaced energy levels are similar to the energy

9

levels of atoms, a characteristic that gave them the name of "artificial atoms" in the
realm of material science. One of the main advantages of using quantum dots in semiconductor devices is that they emit at frequencies that can be precisely tuned by changing
the composition or size of the dots. There are three primary methods for fabricating
quantum dots: lithography, colloidal chemistry, and epitaxy [11, 12].

1.3.2

Quantum Dots Lasers

Quantum dot lasers (QDLs) were introduced more than a decade after quantum well
(QW) lasers, with the first laser of this kind introduced by Nikolai Nikolaevich Ledentsov
at the A.F. Ioffe Physical-Technical Institute in 1994 [3]. QDLs are a type of semiconductor lasers that use quantum dots as their gain medium.
Typically, a QDL is made of a 3-dimensional array of equally sized quantum dots
surrounded by a higher bandgap material [12]. Figure 1.7 shows a schematic diagram of
a typical edge emitting QDL.

Figure 1.7: Schematic representation of the gain medium of an edge emitting QDL [13].

The characteristics of quantum dots discussed earlier result in lower threshold current and higher stability of QDLs compared to their quantum well counterparts. These
features of QDLs offer multiple advantages over quantum well lasers.
10

It was demonstrated that QDLs are capable of operating at 1.3 µm wavelengths for
20o C to 70o C temperature ranges [14]. This wavelength region (∼ 1.3 µm) is of a particular interest for telecommunication applications as it is at the dispersion minimum of
standard optical fibers. The stability of QDLs at these wavelengths makes them more
suitable to use in optical telecommunication systems than other semiconductor lasers.
Furthermore, the temperature stability of QDLs was also exploited beyond telecommunication. For example, QDLs have been used as sensors for the exploration of oil and gas
resources where stability at high temperatures is critical [15].

1.4

Dynamics of Quantum Dot Lasers Subject to External Optical Perturbations

External optical perturbations of a semiconductor laser can be of the form of optical
injections or optical feedback. The sensitivity of semiconductor lasers to these perturbations varies among different types of lasers and is dependent on their relaxation oscillation
(RO). The RO of a system is the damped oscillation, induced by a perturbation, that
will eventually lead the system back to its steady state. For a semiconductor laser, these
oscillations typically have frequencies in the order of a few GHz [16]. It has been theoretically indicated that the confinement of charge carriers within quantum dots leads to
strong increase of the damping of the relaxation oscillations of the semiconductor laser,
which results in a reduction of the sensitivity to optical feedback [17].
A semiconductor laser under optical perturbations can exhibit a verity of complex
behaviors. For example, optical perturbations can trigger power fluctuations or a polarization switching. It was experimentally demonstrated that optical injection in QDLs
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can trigger a rich variety of nonlinear dynamics, including period 1 dynamics, period 2
dynamics and chaotic dynamics [18]. Recently, the generation of widely tunable photonic
microwave signals (up to 20 GHz tunable range) was experimentally demonstrated using
optical injection in a QDL [19].
Optical feedback is another type of optical perturbation. Optical feedback is a portion
of output from the laser that is reflected back to it from an external reflecting surface [20].
The reflecting surface forms an external cavity with the laser as shown in Figure 1.8. The
dynamics triggered in a semiconductor laser vary with the parameters of the external
cavity, including the feedback strength, cavity length and feedback polarization.

Figure 1.8: Laser in an external cavity formed by a mirror reflecting the output beam back into
the laser cavity.

Most semiconductor lasers are sensitive to optical feedback. Unintentional optical
feedback occur frequently in optical networks and represents a major source of nuisance
to laser stability and information transmission from one element of a network to another.
This kind of feedback can be caused by reflections from optical elements, such as beam
splitters, or from optical fibers tips in diode-to-fiber coupling. This problem can be
mediated by introducing optical isolators in optical networks. An optical isolators allows
the transmission of light in only one direction.
12

On the other hand, dynamics induced by optical feedback were also found useful
for both fundamental physics and optical communication technology [21–24]. This has
led to a thorough study of the dynamics induced by optical feedback in semiconductor
lasers. For example, for quantum well vertical-cavity-surface-emitting-lasers (VCSELs),
it has been shown that optical feedback significantly reduces the threshold current [25].
It has also been shown that optical feedback can induce low-frequency fluctuations in
VCSELs [26–28].
Similarly, dynamics induced in QDLs subject to optical feedback have recently been
studied. The device sensitivity to feedback was shown to depend strongly on its operating
temperature. At high temperatures optical feedback can induce a range of instabilities
including power dropout, oscillations at the external cavity resonance frequency and
its harmonics, and chaos [29, 30]. Additionally, it was demonstrated that using optical
feedback can achieve complete optical switching between ground state and excited state
emission in a two-color QDL (one that emits simultaneously at two different wavelengths)
[31]. All these explorations were conducted for isotropic feedback (feedback with same
polarization as the laser’s output).
For my thesis, I am experimentally studying the nonlinear dynamics in a QDL subject
to optical feedback. In particular, I am focusing on polarization-rotated optical feedback.
To my knowledge there has been no experimental study on this kind of feedback in QDLs.
The novelty of this project makes it particularly appealing to me. Knowing the importance of optical feedback in secure communication and in fundamental understanding of
nonlinear dynamics has driven my passion in this project.
In chapter 2 of this thesis, I will describe the experimental setup used throughout
this project as well as some characteristics of the QDL. In section 2.2, I will explore
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the effect of optical feedback on the threshold current of the laser. In chapter 3, I
will study the dynamics induced in the QDL with isotropic optical feedback. This will
serve as a method of comparison for what was previously reported in the literature. It
will also serve as a method of comparison for the characteristic behavior of the QDL
subject to isotropic and rotated optical feedback. My exploration will include the effect
of the cavity length (section 3.1), optical feedback strength (section 3.2) and bias current
(section 3.3). In chapter 4, I will focus on rotated optical feedback, specifically for large
angles of polarization rotation. My analysis of dynamics induced by rotated feedback will
also include the effect of the external cavity length (section 4.4), decreasing the strength
of optical feedback (section 4.5) and the bias current (section 4.6).
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Chapter 2
Experimental Setup and Laser
Characteristics

2.1

Experimental Setup

Figure 2.1: Experimental setup

The experimental setup used in our study is shown in Figure 2.1. The laser is a commercial quantum dot laser (QD Laser,Inc. QLF 133A − P 5) operating at a wavelength
15

of approximately 1.3 µm. The temperature of the laser was maintained at 25o C for the
entirety of our exploration using a temperature controller. The bias current, I, was varied
using a current controller. Neither the temperature controller nor the current controller
is shown in the experimental setup.
Near threshold current, the output beam was linearly polarized with a polarization
angle of 12 degrees from the horizontal (the direction parallel to the optical table). To
simplify our subsequent measurements we used a half-wave plate ( λ2 ) to rotate the lasing
polarization and make it parallel to the optical table. We refer the polarization parallel
to the optical table as X-polarization, and that perpendicular to the optical table as
Y-polarization.
The external cavity was formed by mirror M and has a length L = L1 + L2 . The
output light from the laser was split by a non-polarizing beam splitter, BS1 (70R, 30T).
The reflected light, 70% of the incident beam, traveled to mirror M which reflects the
beam back to the QDL. A quarter-wave plate ( λ4 ) was introduced between BS1 and mirror
M to rotate the polarization of the feedback beam by an angle θp . A polarization rotation
by an angle θp was obtained by rotating the axis of the λ4 -waveplate by an angle θ from
the polarization of the incident light (X-polarization) which results in a rotation by an
angle θp = 2θ after the beam travels through the waveplate twice during one round trip
in the external cavity. Similarly, a neutral density filter, NDF, was introduced in the
path of the feedback beam to vary the strength of the optical feedback, R.
The transmitted output beam was then split by a second non-polarizing beam splitter,
BS2 (50 R, 50 T). The reflected light from BS2 was directed to a Fabry-Perot (F-P) scanning spectrum analyzer, which is connected to an oscilloscope (not shown in Figure 2.1).
The F-P spectrum analyzer consists of a F-P interferometer (ThorLabs SA210-5B, 10
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GHz free spectral range) connected to a controller (ThorLabs SA201-EC). In order to
observe the optical spectrum of a certain polarization separately, we introduced a linear
polarizer, LP, between the two beam splitters BS1 and BS2. The linear polarizer allows
us to select any polarization angle θL , with the X-polarization corresponding to θL = 0
and the Y-polarization corresponding to θL = 90o .
After encountering BS2, 50% of the incident light was transmitted to a polarizing
beam splitter, PBS, that separates the light into two orthogonal polarizations. This
allowed us to observe and measure polarization resolved dynamics. To select a pair
of orthogonal polarizations to study, we introduced a second half-wave plate between
BS2 and PBS. The two orthogonally polarized beams were transmitted to two separate
photodetectors, PD1 and PD2, by means of optical fibers connected to fiber-coupler, FC1
and FC2, respectively. The distances from the PBS to the two detectors are the same and
the optical fibers have the same length. Both PD1 and PD2 are same model (Thorlabs
PDA8GS, 9.5 GHz). The signal from each photodetector was then analyzed using either a
digital oscilloscope (Tektronix TDS6804B, 8 GHz) or a signal analyzer (Agilent N9010A,
9 kHz to 26.5 GHz). The BNC cables connecting the detectors to the digital oscilloscope
have the same length.

2.1.1

Round Trip Time of the Optical Feedback

The optical feedback beam returning to the laser was delayed by a round trip time,
τ , proportional to the external cavity length L composed of segment L1 and L2 . For
simplicity, the distance L1 was fixed at 11 cm while L2 was changed from 18 cm to 39
cm by changing the position of mirror M.
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The round trip time τ of the feedback beam is then determined by

τ=

2L
,
c

where c is the speed of light, and 2L is the total distance traveled by the beam in the
external cavity. The external cavity resonance frequency is then given by

ν=

2.1.2

1
c
=
.
τ
2L

Strength of the Optical feedback

The strength of the optical feedback is represented by the effective power reflectivity, R,
of the external cavity. It is one of the major parameters in the study of the dynamics
in
), where Pout is the output power of the laser
of QDLs. R is defined as R = 10 log10 ( PPout

and Pin is the power of the beam reflected back into the QDL. We measured Pout by
placing the power meter between the QDL and the half-wave plate. To determine the
value of Pin , we placed the power meter behind the beam splitter BS1 and facing mirror
M as shown in Figure 2.2. Knowing that the measured power PP M 2 at the power meter
position PM2 is 30% of the power reflected off M, we were able to calculate the value of
the power reflected back to the laser Pin =

70
P
.
30 P M 2
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Figure 2.2: Setup to measure the optical feedback strength. PM1, power meter position for
measuring Pout ; PM2, power meter position for measuring Pin .

2.1.3

Optical Alignment

Optical alignment was an important part of our experiment. Thermal fluctuation and
vibrations may cause small deviations in the positions of our optical elements and result
in misalignments. To optimize our results and obtain consistent data, alignment was
performed prior to recording any data.
First, we optimize the optical feedback by checking the alignment of the mirror in
the external cavity. To achieve optimization, we set the bias current near threshold, at
I = 8.0 mA. We place a power meter between BS1 and BS2, then using the screws on
the hold of mirror M, we adjust the orientation of the mirror until we achieve the highest
power reading, approximately 20 µW when the cavity length L=29 cm and 16 µW when
L=50 cm.
Next, we optimize the alignment of the Fabry-Perot spectrum analyzer. Setting the
bias current at I = 25.0 mA, we maximize the intensity of the lasing modes by slightly
adjusting the orientation of the F-P interferometer.
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Similarly, we optimized the alignment of both fiber couplers FC1 and FC2 by maximizing their power transmission. To do this, we connect FC1 to a third fiber-coupler,
FC3, (not shown in Figure 2.1) by means of an optical fiber. We then direct the laser
beam entering FC1 to FC3 and measure the power of the transmitted light leaving the
third fiber-coupler while using the screws on the back of FC1 to optimize the measured
power. The same procedure was used to align fiber coupler FC2.

2.2
2.2.1

Characteristics of the Quantum Dot Laser
Threshold Current of the Solitary QDL

To study the dynamics of our QDL we first have to determine the value of its threshold
current, Ith . To do so, we shielded the feedback light and gradually increased the bias
current while measuring the total power output using a power meter placed right after
the beam splitter BS1. Figure 2.3 shows the power-versus-current (L-I) curves of our
QDL.
The threshold current was determined using a linear fit function of the L-I curve. To
perform the linear fitting, we only took into account the data points when the power
was non-zero (current higher than I=7 mA). From the x-intercepts of the linear curve we
found the threshold current to be 7.64 mA, as shown in Figure 2.3. The uncertainty of
the measured values of the threshold current is estimated to be ±0.02 mA.
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Figure 2.3: Power-versus-current curve of the solitary QDL (black: total power; blue: linear
fit).

2.2.2

Effect of Optical Feedback on the Threshold Current

Optical feedback reflects a portion of the output power back into the laser’s internal
cavity. This reflected light provides an extra gain to the laser. Therefore, optical feedback
can reduce the threshold current of the QDL, as it has been shown for quantum well
VCSELs [25].
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Figure 2.4: Power-versus-current of the QDL with optical feedback (black: total power; blue:
linear fit) for (a) θp = 0 (isotropic feedback), (b) θp = 54o , (c) θp = 90o . L=29 cm and R=-7.1
dB.

We measured the threshold current of the QDL subject to optical feedback. Figure 2.4
shows the power-versus-current curves of the QDL subject to isotropic and rotated optical
feedbacks.
To determine the new threshold current, we followed the same method as that in
determining the threshold current of the solitary laser. Figure 2.4 shows that introducing
optical feedback decreases the threshold current of our QDL. We also notice that while
polarization rotated feedback (both Figure 2.4 (b) and (c)) decreases the threshold current
by 2.1%, isotropic feedback (both Figure 2.4 (a)) results in a higher reduction of the
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threshold current, reducing Ith by 4.2%. This is likely due to the interference between
the feedback light returning to the laser cavity and light inside the cavity. For isotropic
feedback, light inside the laser cavity has the same polarization as the feedback beam,
therefore, the two waves will interfere more effectively than in the case of rotated feedback.
This interference will contribute to the gain of the laser and result in a lower threshold.

2.2.3

Polarization resolved L-I Curves

Polarization resolved measurements of the properties of the laser are crucial in understanding the role of polarization in its dynamics. To determine the polarization of our
solitary QDL and the effects of introducing optical feedback, we measured the output
power along both the X-polarization and the Y-polarization as we increased the bias
current. Figure 2.5 shows the polarization resolved power-versus-current of the quantum
dot laser without and with feedback, the latter having different angles of polarization
rotation.
Figure 2.5 (a) shows that our laser, when in solitary operation, is linearly polarized
for the whole current range. Without optical feedback our QDL is only X-polarized.
Figure 2.5 (b) shows that isotropic feedback does not change the polarization of the
output beam, leaving our QDL X-polarized. This is not the case for rotated feedback.
As shown in Figure 2.5 (c) and (d), feedback with rotated polarization stimulates lasing
in the Y-polarization.
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Figure 2.5: Polarization resolved power-versus-current (black: X; red: Y) for (a) solitary QDL,
(b) isotropic feedback, (c) θp = 54o , (d) θp = 90o . L=29 cm and R=-7.1 dB for (b), (c) and (d).
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Chapter 3
Dynamics Induced by Isotropic Optical
Feedback
In this chapter, I will focus on the dynamics induced by isotropic (θp = 0) optical feedback.
My analysis will include the effect of the bias current, the feedback strength, and the
external cavity length on the laser dynamics.
Isotropic feedback can be produced by removing the λ4 -wave plate from the path of
the feedback beam. However, moving the λ4 -wave plate in and out of the external cavity
may slightly change the alignment of the cavity. In addition, the

λ
-wave
4

plate may

cause some light reflection from its surface and hence removing or keeping it may lead
to different feedback strength. Therefore, instead of just removing the wave plate from
the path of the feedback beam, we set the angle of polarization rotation to θp = 0 in the
λ
-wave
4

plate. This way, we assure that the feedback is not rotated and that the power

attenuation caused by traveling through the λ4 -wave plate is the same for all values of θP .
Figure 2.4 (a) shows that isotropic feedback reduces the threshold current of the QDL
by 4.2%. In the following sections we will study how the feedback light, delayed by a
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travel time τ , affects the dynamics of the QDL by observing both the power and optical
spectra.
Figure 3.1 shows the power spectra of the QDL subject to isotropic optical feedback.
The laser was operating at a bias current I = 25 mA (3.27Ith ) and the optical feedback
strength was R = −7.1 dB. The cavity length was L = 29 cm. The corresponding round
trip time is τ = 1.94 ns. The power spectrum of the total power (Figure 3.1(a)) shows a
peak with a value of −60 dBm at a frequency ν = 468 MHz and its higher harmonics at
936 MHz and 1.4 GHz. Peaks at the frequency ν = 468 MHz were also observed in the
power spectra of the X-, 45o - and 135o -polarizations as shown in Figure 3.1(b), (d) and
(e), respectively. Recall that a power spectrum is the fast Fourier transform (FFT) of the
time series of the laser power output. This means that the peaks in the power spectrum
correspond to the resonance frequency of the external cavity (here, 468 MHz) and its
higher harmonics (936 MHz and 1.4 GHz). However, no peaks were induced in the Ypolarization (Figure 3.1(c)) for isotropic feedback. This is expected because the feedback
is X-polarized and does not stimulate lasing in the orthogonal polarization, leaving the
laser X-polarized as shown in the light-versus-current graph of Figure 2.5(b). This is also
apparent in the optical spectrum of the QDL as shown in Figure 3.2.
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Figure 3.1: Power Spectra of (a) total power, (b) X-polarization, (c) Y-polarization, (d) 45o polarization, (e) 135o -polarization. The QDL is subject to isotropic optical feedback with L = 29
cm, R = −7.1 dB, and I = 25 mA.

The first row in Figure 3.2 shows the optical spectra of the total power of the QDL
with and without optical feedback. The optical spectra show that the QDL operates
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with multiple modes. Comparing the spectra with optical feedback to those without
feedback, we see that isotropic optical feedback results in peak intensity enhancement
of certain frequency modes and the suppression of other modes. The same behavior is
also shown in the optical spectra of the X-polarization (Figure 3.2 (c) and (d)) but with
mode intensities weaker than for the total power. Recall that I used a LP to observe the
X-polarized spectrum. Adding the LP in the setup attenuates the power reaching the
F-P spectrum analyzer. We determined this attenuation by measuring the total power of
the solitary QDL (purely X-polarized) then measuring the power in the X-polarization
with the LP set at θL = 0. We found that the LP reduces the power by approximately
20%. This leads to smaller peak intensities in the optical spectrum of the X-polarization
compared to that of the total power. Overall, the top three rows of Figure 3.2 show
that isotropic feedback alters the characteristics of the QDL’s optical spectrum. On the
other hand, there are no peaks observed along the Y-polarization for the solitary QDL
(Figure 3.2(e)) and it remains the same when isotropic feedback is applied (Figure 3.2(f)).
This is expected since the power in the Y-polarization is zero at I = 25 mA for the solitary
laser and for the laser with isotropic optical feedback, as shown in Figure 2.5 (a) and (b).
Note that the frequency shifts between the optical spectra of the solitary QDL and
the QDL subject to isotropic optical feedback are mainly caused by imperfection in the
apparatus. The F-P spectrum analyzer has a continuous drifting in the frequency. It has
been reported that optical feedback induces redshift in the optical spectrum of VCSELs
[33]. We believe that this is also the case for QDLs but the large drifting in the F-P
spectrum analyzer does not allow us to measure this redshift.
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Figure 3.2: Optical Spectra of the QDL. Left column: no optical feedback; Right column:
isotropic feedback with R = −7.1 dB. Top row: total power, second row: X-polarization, third
row: 45o -polarization, fourth row: Y-polarization. I = 25 mA and L = 29 cm.
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3.1

Effect of the External Cavity Length on Laser Dynamics for Isotropic Feedback

Dynamics of semiconductor lasers subject to optical feedback are strongly influenced by
three main parameters: the bias current, the feedback strength, and the external cavity
length. In this section, I will explore the effect of external cavity length on the dynamics
of the QDL. Figure 3.3 shows two examples of power spectra of the QDL for cavity lengths
L = 29 cm and L = 50 cm. The figure shows that increasing the cavity length by about
72% decreases the peak intensity by approximately 5 dB (equivalent to a 3-fold decrease).

Figure 3.3: Power spectra of the total power of the QDL for external cavity length (a) L = 29
cm and (b) L = 50 cm. θp = 0o , I = 25 mA and R = −7.1 dB.

Figure 3.4 shows the resonant frequency of the external cavity observed from the power
spectra as a function of external cavity length. As expected, we see that increasing the
cavity length decreases the frequency. This is in agreement with what was reported for
other semiconductors. For example, for VCSELs subject to isotropic optical feedback, it
has been demonstrated that the period of the induced power fluctuation increases linearly
with the external cavity length [28].
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Figure 3.4: Power spectrum frequency versus cavity length (blue: measured from power spectra,
red: expected from the external cavity length). I = 25 mA and R = −10 dB.

The observed frequency values (Figure 3.4 (blue)) were compared to the expected
values calculated from the external cavity length (Figure 3.4 (red)). The data reveal that
the measured frequency values are always lower than the expected values with an average
uncertainty of 15.5%. Examples of frequency values and their corresponding uncertainties
are shown in Table 3.1. These uncertainties can be due to several factors. For example,
we measured the value of L from the surface of the laser mount to the center of M.
However, the real cavity starts from the surface of the laser diode which is few milliliters
inside the laser mount. Additionally, we used the value of the speed of light in free space
to calculate the expected value of τ . However, the laser beam travels through the beam
splitter (BS1) twice in the external cavity. BS1 is made of a material called N-BK7 which
has an index of refraction of approximately n = 1.5 at 1.3 µm. Therefore light travels
slower through the beam splitter than in free space, which increases the effective delay
time of the external cavity. This results in lower frequencies than those calculated using
only the speed of light in free space.
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Table 3.1: Frequency versus external cavity length (measured and expected) and the resulting
uncertainty. I = 25 mA, R = −10 dB.

3.2

L (cm) (± 0.5 cm)

ν (MHz)

νexpected (MHz)

uncertainty (%)

19.8

636

758

16.1

21.0

594

714

16.8

23.0

522

652

20.0

25.0

504

600

16.0

27.6

468

543

13.9

30.9

438

485

9.8

33.0

378

455

16.8

36.0

354

417

15.0

39.0

324

380

14.7

50.0

270

300

10.0

Effect of the Optical Feedback Strength on Laser
Dynamics for Isotropic Feedback

The strength of the optical feedback is another important parameter for dynamics induced
by optical feedback. In the experiment, I changed the feedback strength by adding
a variable NDF in the external cavity. Figure 3.5 shows the effect of decreasing the
feedback strength from R = −7.1 dB to R = −9.1 dB. The data reveals a significant
decrease in the intensity from −64.7 dBm to −67.8 dBm (3.1 dB decrease corresponds to
50% decrease in intensity) and also a slight decrease in the frequency. Adding the NDF
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decreases the frequency of the peak from ν = 270 MHz to ν 0 = 264 MHz. The slight
change in ν may be attributed to a slower light speed through the NDF than in free
space. The same changes also occur in the power spectra of the X-polarization as well as
the 45o and the 135o polarizations. However, the power spectrum of the Y-polarization
showed no induced dynamics for any value of R. I chose not to include the power spectra
for any of these polarizations in this thesis.

Figure 3.5: Power spectra of the total power of the QDL for different values of optical feedback
strength (a) R = −7.1 dB, (b) R = −9.1 dB. θp = 0o , I = 25 mA and L = 50 cm.

3.3

Effect of the Bias Current on Laser Dynamics for
Isotropic Feedback

It has been shown in Figure 2.3 that increasing the bias current produces an increase in
the power output of the laser and that isotropic feedback reduces the threshold current
of the QDL while leaving the laser purely linearly polarized along the X-polarization for
the whole range of bias current (Figure 2.5 (b)). Now I will look at how the bias current
affects the laser’s dynamics induced by isotropic optical feedback.
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Figure 3.6: Power spectra of (a) total power, (b) X-polarization, (c) Y-polarization. The QDL
is subject to optical feedback with θp = 0o , L = 29 cm, R = −7.1 dB and I = 15 mA.

Figure 3.6 shows the power spectra of the QDL operating at a current I = 15 mA
(1.96Ith ) and subject to isotropic feedback. The figure demonstrates that decreasing the
bias current decreases the strength of the induced dynamics which are represented by
the amplitude of peaks in the power spectrum. Compared to the power spectra at a bias
current I = 25 mA (Figure 3.1 (a)), when I = 15 mA the peak intensity for the total
power decreased by 10.8 dB. This corresponds to a 12-fold decrease in the peak hight for
a 40% decrease in the bias current. The data also reveals that changing the bias current
does not shift the frequency of power fluctuation.
For isotropic feedback, the lowest bias current inducing observable dynamics is ap34

proximately 1.9Ith for an external cavity length L = 25 cm and operating temperature
T = 25o C. This is lower than the reported current range for instabilities (2 − 3Ith ) at a
high operating temperature (T = 50o C) [29].
The optical spectra of the QDL at I = 15 mA (Figure 3.7) show a similar feature to
that observed for I = 25 mA (Figure 3.2). However, decreasing the bias current leads to
a decrease in the peak intensity of the frequency modes.

Figure 3.7: Optical spectra of the QDL with isotropic feedback. (a) Total power, (b) Xpolarization. I = 15 mA, L = 29 cm and R = −7.1 dB.

The results discussed in this section show that QDLs have low sensitivity to isotropic
optical feedback. This is evidenced by high threshold for the onset of dynamics and a
large decrease in the dynamics for a decrease in the feedback strength or the bias current.
This is in agreement with the theoretical predictions [10, 17].
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Chapter 4
Dynamics Induced by Polarization
Rotated Optical Feedback
In this chapter, I will present my investigation of the dynamics induced by polarizationrotated feedback. Using nonzero values of θp provides an additional degree of freedom in
exploring the dynamics of QDLs. To my knowledge, this has never been experimentally
studied before. I will use the same parameters as those used in the previous chapter in
order to compare my results for polarization-rotated feedback with the results obtained
for isotropic feedback.

4.1

Power Spectrum Features

Figure 4.1 shows the power spectra of the QDL subject to polarization-rotated optical
feedback for θp = 90o . The optical cavity length was set to L = 29 cm, the bias current
was I = 25 mA, and the feedback strength was fixed to R = −7.1 dB. The power spectra
show peaks near the external cavity resonance frequency (456 MHz). These peaks can be
seen in the power spectrum of the total power and in all the polarization-resolved power
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spectra, including that of the Y-polarization. Note that no dynamics were observed in
the Y-polarization in the case of isotropic feedback (Figure 3.1 (c)). When θp = 90o , the
polarization of the optical feedback is orthogonal to the laser’s initial polarization. This
stimulates lasing and dynamics in the Y direction. This is in agreement with the results
demonstrated in the light-versus-current curve of the QDL subject to orthogonal optical
feedback ( Figure 2.5 (c)).
The data also reveal that rotating the optical feedback by 90o enhances the dynamics
in the 45o - and 135o - polarizations (Figure 4.1 (d) and (e)) by approximately 7 dBm
compared to the isotropic case (Figure 3.1 (d) and (e)). However, while orthogonal
feedback stimulates emission in the Y-polarization and enhances the dynamics in 45o and 135o - polarizations, the induced dynamics in the total power (Figure 4.1 (a)) and in
the X-polarization (Figure 4.1 (b)) are much weaker for this value of feedback polarization
than was observed for isotropic feedback (Figure 3.1 (a) and (b)). This is expected since
the feedback polarization is orthogonal to the laser’s initial polarization and results in
less interference than in the case of isotropic feedback. From our results for the dynamics
induced by isotropic and orthogonal feedback we can see that dynamics depend on the
value of θp . Naturally we wonder how dynamics vary with θp and which value of θp
triggers the strongest dynamics.
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Figure 4.1: Power Spectra of (a) total power; (b) X-polarization; (c) Y-polarization; (d) 45o polarization; (e) 135o -polarization. θp = 90o , I = 25 mA, L = 29 cm and R = −7.1 dB.

To find the optimal angle θp , I measured the intensity of the power spectra peak as
a function of θp . This is shown in Figure 4.2 for a cavity length L = 25 cm. The figure
shows that the strongest dynamics occur for θp between 60o and 76o . In this range, the
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strongest peak in the power spectrum is located at 249 MHz, (red), corresponding to
the subharmonic of the external cavity resonance frequency. The period associated with
this frequency is twice the round trip time of the external cavity. Now we have period
doubling. Feedback with large angle of polarization (60o - 76o ) has weak interaction
with the X-polarized light in the gain medium compared to feedback with small angle
of polarization. Therefore, a large portion of the feedback is reflected out of the laser to
undergo another round-trip in the external cavity then back into the laser. This makes
the total time delay of the feedback amount to 2τ . Based on the data shown in Figure 4.2,
I chose to use the angle θp = 72o for the rest of this thesis.

Figure 4.2: Peak intensity in the power spectrum of the total power versus θp for the external
cavity resonance frequency 499 MHz (blue) and its subharmonic 249 MHz (red). I = 25 mA,
L = 25 cm and R = −7.1 dB.

Figure 4.3 shows the power spectra of the QDL subject to optical feedback rotated by
72o with the same parameters as those used for θp = 0 and θp = 90o . The strongest peak
in the power spectrum of the total power (Figure 4.3 (a)) is located at 228 MHz and has
an intensity of −60 dBm. The corresponding time delay is 4.39 ns (twice the external
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cavity round trip time). Therefore, the strongest peak corresponds to the subharmonic of
the external cavity resonance frequency. External cavity resonance frequency is located
at 462 MHz and has an intensity of −65 dBm. Peaks with the same frequencies are also
present in the polarization-resolved power spectra (Figure 4.3 (b) - (e)).
Figure 4.3 (b) and (c) show a significant increase in the dynamic strength in the Xand Y- polarizations for θp = 72o compared to θp = 90o . However, the strongest dynamics
are observed in the 45o - and 135o - polarizations where the subharmonic has an intensity
of −38 dBm (158 times higher than the subharmonic intensity in the total power) and
the fundamental has an intensity of −59 dBm. Additionally, the power spectra of the
45o - and 135o - polarizations (Figure 4.3 (d) and (e)) display two other higher harmonics
not shown in the spectrum of the total power. A plausible conjecture for the dynamics in
the total power to be much weaker than that in the 45o - and 135o - polarizations is that
the power fluctuations in the two polarizations are anti-correlated.
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Figure 4.3: Power spectra of (a) total power; (b) X-polarization; (c) Y-polarization; (d) 45o polarization; (e) 135o -polarization. θp = 72o , I = 25 mA, L = 29 cm and R = −7.1 dB.
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4.2

Correlation Properties

To verify this hypothesis, I recorded the time series of the output power for one microsecond as shown in Figure 4.4 (a). The envelops of the two time series over a long time
interval (1 µs) show an anti-phase feature. When one waveform has a burst, the other
one has a drop. To observe the correlation property in a shorter time scale, I zoomed into
a time period of 0.2 microseconds as shown in Figure 4.4 (b). The plot shows that when
one time series is at a maximum value the other is near its minimum value, confirming
that they are anti-correlated.

Figure 4.4: Time series of the 45o -polarization (blue) and the 135o -polarization (red). The
other parameters are θp = 72o , I = 25 mA, L = 29 cm, and R = −7.1 dB.

To get a quantitative idea of the correlation properties of the two polarizations, I
calculate the cross-correlation function between the time series (call them F1 (t) and F2 (t))
of the two of polarizations. The cross-correlation function between F1 (t) and F2 (t) is
defined as a function of the time delay τ as [34]:
2 (t)−hF2 (t)i]i
C(τ ) = √ h[F1 (t+τ )−hF1 (t+τ )i][F
2
2

h[F1 (t+τ )−hF1 (t+τ )i] h[F2 (t)−hF2 (t)i] i
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A value of C(τ ) = 1 corresponds to a perfect correlation, while a value of C(τ ) = −1
corresponds to a perfect anti-correlation.
The cross-correlation function between the 45o - and 135o - polarizations is shown in
Figure 4.5. The figure shows that initially (at τ = 0) the two time series are highly
anti-correlated with C(0) = −0.9. As the delay time increases we observe an increase
in the value of C, which indicates an increase in the correlation coefficient of the two
time series. At a values of τ = 1.9 ns the cross-correlation of the time series reaches it’s
maximum at a values of 0.85, which indicates a strong correlation between the two time
series. The offset of the first peak from τ = 0 shows a time delay between the two time
series with a value of ∆t = 1.9 ns. The separation between the consecutive peaks has an
average value of 4.35 ns. This shows that the two polarizations are anti-correlated with
period of 4.35 ns. This period corresponds to the frequency of the subharmonic observed
in the power spectra Figure 4.3.
Additionally, the phase difference between two waves is given by:

∆φ = 2π · ν · ∆t.
Using this relation, I calculated the phase shift between the time series of the 45o and the
135o polarizations to be ∆φ = 0.87π for θp = 72o , I = 25 mA, L = 29 cm and R = −7.1
dB. This supports the initial conjecture explaining the observation of weaker dynamics
for the total power compared to the 45o - and 135o - polarizations.
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Figure 4.5: Cross-correlation function for 45o -polarization and 135o -polarization. θp = 72o ,
I = 25 mA, L = 29 cm and R = −7.1 dB.

The cross-correlation function between X and Y was also calculated as shown in
Figure 4.6.

The figure shows the same features as observed for the 45o and 135o -

polarizations(Figure 4.5). The offset of the first peak from τ = 0 shows a time delay
between the two time series with a value of ∆t = 1.8 ns. The separation between the
consecutive peaks has an average value of 4.6 ns. Therefore, the phase difference between
X and Y is ∆φ = 0.78π. The large phase difference between the two pairs of orthogonal
polarizations (X,Y and 45o , 135o ) explains why the dynamics observed in the power spectrum of the total power is less than that in certain polarizations. Also, since the phase
difference is close but not equal to 180o , the dynamics in the total power is not totally
suppressed and the power spectrum shows a weak peak of value −60 dBm (Figure 4.3 a).
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Figure 4.6: Cross-correlation function for X and Y. I = 25 mA, L = 29 cm and R = −7.1 dB.

4.3

Optical Spectrum Features

To fully understand the dynamics induced by the optical feedback we also need to consider
the optical spectra of the QDL. Figure 4.7 shows the optical spectra of the QDL subject
to polarization-rotated optical feedback for θp = 72o (left column) and θp = 90o (right
column). No frequency modes were detected in the optical spectra of the Y-polarization
(Figure 4.7 (g) and (h)). However, at the same time, we observed strong induced dynamics
in the Y-polarization from the power spectrum (Figure 4.3 (c)). It is likely that the
stimulated power of the Y-polarization is too weak to be detectable by the F-P spectrum
analyzer but still has a large enough fluctuation to be detected by the photodetector.
This is likely due to decoherence in the Y-polarized modes. This was observed in VCSELs
where coherence was completely destroyed by optical feedback [27].
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Figure 4.7: Optical Spectra of the QDL subject to rotated optical feedback. Left column:
θp = 72o ; Right column: θp = 90o . Top row: total power, second row: X-polarization, third row:
45o -polarization, fourth row: Y-polarization. I = 25 mA, L = 29 cm and R = −7.1 dB.

The optical spectrum of the total power and that of the X-polarization show many
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changes compared to the spectra of the solitary laser (Figure 3.2 (a) and (c)). Similar to
the case of isotropic feedback, the optical spectra show the suppression and enhancement
of different modes. These suppressions and enhancements appear to have various levels
and affect different frequency modes depending of the value of θp . Using only the F-P
spectrum analyzer (with only 10 GHz SFR and continuous drifting), I could not identify
a direct relation between the angle of feedback polarization and the changes in the optical
spectra. Further measurements of spectral features need equipment such as an optical
spectrum analyzer (OSA).

4.4

Effect of the External Cavity Length on Laser Dynamics for Polarization-Rotated Feedback

Figure 4.8: Peak intensity of the subharmonic in the 45o -polarization versus external cavity
length for rotated optical feedback. θp = 72o , I = 25 mA and R ≈ −10 dB.
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Figure 4.8 shows the intensity of the subharmonic in the 45o -polarization as a function
of external cavity length. The figure shows that the peak intensity significantly decreases
with increasing values of L. This is in agreement with what I previously reported in this
thesis for isotropic feedback (Figure 3.3). The figure also shows that for short external
cavities (L < 50 cm), a small increase in the cavity length results in a significant drop in
the peak intensity. However, for longer external cavities the peak intensity becomes less
sensitive to increasing values of L. Figure 4.9 shows the power spectra of the QDL when
L = 50 cm. No dynamics are induced in the total power (Figure 4.9(a)) as opposed to
the peak of value −60 dBm observed when L = 29 cm (Figure 4.3 (a)). On the other
hand, the power spectrum of the 45o -polarization shows a peak of intensity −67 dBm.
This corresponds to an intensity 794 times lower than the value observed for L = 29
cm (all other external parameters fixed). Recall that for the case of isotropic feedback,
increasing the cavity length from 29 cm to 50 cm resulted in a peak only 3 times smaller.
Therefore, the data indicate that rotated optical feedback is far more sensitive to the
external cavity length than isotropic feedback.

Figure 4.9: Power spectra of the QDL for L = 50 cm and θp = 72o . (a) Total power, (b)
45o -polarization. I = 25 mA and R = −7.1 dB.
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Additionally, I studied the effect of cavity length on the frequency of power fluctuation.
Figure 4.10 shows the frequency of the subharmonic in the power spectra as a function of
cavity length for rotated optical feedback for θp = 64o . The frequency values follow the
same trend that was observed in isotropic feedback (Figure 3.4). The data also indicate
that the observed frequency values are always lower than the expected values calculated
from the value of L. This is similar to what I have previously shown in this thesis
for isotropic feedback. The discrepancies between the measured frequencies (ν) and the
expected frequencies (νexpected ) are shown in Table 4.1.
Table 4.1: Frequency versus external cavity length (measured and expected) and the resulting
uncertainty for polarization-rotated optical feedback. (θp = 64o ). I = 25 mA, R = 10.0 dB.

L (cm) (± 0.5 cm)

ν (MHz)

νexpected (MHz)

uncertainty (%)

19.8

294

379

22.4

21.0

276

357

22.7

23.0

264

326

19.0

25.0

228

300

24.0

27.6

210

272

22.7

30.9

204

243

15.9

33.0

162

227

28.7

36.0

174

208

16.5

39.0

150

190

21.0

49

Figure 4.10: Frequency of the subharmonic in the power spectrum of the total power. θp = 64o ,
I = 25 mA and R = −10.0 dB.

4.5

Effect of the Optical Feedback Strength on Laser
Dynamics for Rotated Feedback

By adding a NDF in the external cavity, I decreased the optical feedback strength from
R = −7.1 dB to R = −9.1 dB. Figure 4.11 shows the optical spectra of the QDL when
the optical feedback was attenuated by adding the NDF. The power spectrum of the total
power (Figure 4.11 (a)) shows a peak of intensity −64.3 dBm at a frequency of 216 MHz.
Compared to the frequency observed for R = −7.1 dB (Figure 4.3 (a)), decreasing the
value of R by 2.04 dB resulted in a 12 MHz decrease in the frequency. This is twice the
shift value that was observed for isotropic optical feedback (from 270 MHz to 264 MHz).
Similarly, inserting the NDF resulted in a decrease in the peak value by 4.2 dB. Again
this corresponds to a larger change in dynamics than the change observed for isotropic
feedback. Therefore, the data show that rotated optical feedback is more sensitive than
isotropic feedback to the feedback strength.
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Figure 4.11: Power spectra of the QDL for R = −9.1 dB and θp = 72o . (a) Total power, (b)
45o -polarization. I = 25 mA and L = 29 cm.

4.6

Effect of the Bias Current on Laser Dynamics for
polarization-rotated Feedback

In this section, I will discuss how the bias current affects the dynamics of the QDL subject
to polarization-rotated optical feedback. Figure 4.12 shows the power spectra of the QDL
operating at a current I = 15 mA. The power spectrum of the total power (Figure 4.12
(a)) shows a significant decrease in dynamics compared to power spectrum at a bias
current I = 25 mA (Figure 4.3 (a)). This includes the complete suppression of the peak
at the external cavity resonance frequency and the second harmonic as well as a decrease
by 5.7 dB in the intensity of the subharmonic. Similarly, the polarization-resolved spectra
of the X-, Y-, 45o , and 135o - polarizations (Figure 4.12 (b), (c), (d) and (e), respectively)
show a decrease in the intensity of the first two peaks by approximately 4.5 dB. The figure
also shows the complete suppression of the second and third harmonics. However, this
decrease in dynamics is less significant than that which was observed for isotropic feedback
(10.8 dB decrease in intensity of the fundamental in the total power). Therefore, the data
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indicate that dynamics induced by polarization-rotated optical feedback are more stable
than those induced by isotropic feedback in response to a bias current change.
Furthermore, for polarization-rotated optical feedback, the lowest bias current that induced observable dynamics was approximately 1.4Ith for an external cavity length L = 25
cm and operating temperature T = 25o C. This is a significantly lower current compared
to that for isotropic feedback (1.9Ith ). This result further confirms that QDLs are more
sensitive to polarization-rotated optical feedback than isotropic feedback.
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Figure 4.12: Power spectra of (a) total power, (b) X-polarization, (c) Y-polarization, (d) 45o polarization, (e) 135o -polarization. The QDL is subject to optical feedback with θp = 72o ,
L = 29 cm, R = −7.1 dB and I = 15 mA.
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Chapter 5
Summary and Future Work

5.1

Summary

In my research, I have experimentally studied the behavior triggered by optical feedback
on a QDL. The data reveal that optical feedback reduces the threshold current of the QDL,
with a higher decrease in threshold current for isotropic feedback than for polarizationrotated feedback. My analysis also revealed that polarization-rotated optical feedback
can affect the polarization of a QDL. In particular, the polarization resolved powerversus-current curves show that polarization-rotated feedback (with large values of θp )
induce power output in the Y-polarization for an otherwise purely X-polarized QDL. The
power-versus-current curves also reveal that larger angles of feedback polarization induce
higher power in the Y-polarization.
The power spectra reported in this thesis indicate that optical feedback triggers power
fluctuation at the external cavity resonance frequency and its harmonics. The onset
threshold of induced dynamics was found to be 1.9Ith for isotropic feedback and 1.4Ith
for polarization-rotated feedback, indicating that QDLs are more sensitive to polarization-
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rotated optical feedback than to isotropic feedback. This may be immensely beneficial in
optical networks where unwanted feedback are isotropic in most cases.
My results show that feedback dynamics are significantly enhanced for large angles
of feedback polarization, namely, 60o < θp < 76o . In this range of θp values, period
doubling was observed and the highest peak in the power spectra was measured at half
the external cavity resonance frequency. The largest power fluctuation occurs in the 45o
and 135o polarizations for polarization-rotated feedback (with large values of θp ). It also
revealed a strong anti-correlation between the dynamics induced in the orthogonal pair of
polarization, X and Y, as well as for the 45o and 135o polarizations. This anti-correlation
results in weaker dynamics in the total power compared to what was observed in the total
power for isotropic feedback. The polarization-resolved power spectra show much stronger
dynamics for rotated feedback than isotropic feedback in all the polarizations studied in
my project. This further confirms that QDLs are more sensitive to polarization-rotated
optical feedback than isotropic feedback.
I studied the effect of the external cavity length on the dynamics of the QDL for
both isotropic and polarization-rotated feedback. For both cases, the data indicated
that increasing the external cavity length significantly reduces the dynamics and that
the frequency of power fluctuation is inversely proportional to the external cavity length.
Most importantly, it was observed that the external cavity length affects the dynamics induced by polarization-rotated feedback much more than the dynamics induced by
isotropic feedback.
In a similar way, I investigated the effect of optical feedback strength and bias current
on the laser dynamics. Decreasing the optical feedback strength leads to weaker laser dynamics, with a greater weakening for polarization-rotated feedback than for isotropic feed-
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back. In contrast, decreasing the bias current affects the dynamics induced by isotropic
feedback more than dynamics induced by polarization-rotated feedback.

5.2

Future Work

My exploration of the dynamics of a QDL presented in this thesis lays a foundation
for a more comprehensive study of QDLs subject to optical feedback. While my results
clearly demonstrate that QDLs are more sensitive to polarization-rotated feedback than
isotropic feedback, they also raised many questions that were not answered in this thesis.
For example, I have demonstrated that feedback with a polarization angle θp ∼ 70o
significantly enhances the dynamics of the QDL. A numerical simulation is imperative to
explain why this is the case. Similarly, a numerical simulation is necessary to understand
the reason why dynamics in the 45o and 135o polarizations are stronger than dynamics
in either the X- or Y-polarization.
Additionally, my exploration of the QDL dynamics was primarily based on investigating the power spectra and time series of the laser. While it was clear that optical
feedback has some significant effects on the optical spectrum of the laser, the F-P spectrum analyzer used in my project was not sufficient for a profound investigation of the
effect of optical feedback on the frequency features of the QDL. Therefore, a more exhaustive analysis of the optical spectrum of the QDL using a F-P spectrum analyzer
with larger free spectral range. Alternatively, an optical spectrum analyzer (OSA) can
be more useful in our exploration since it provides the value of the wavelength of each
lasing mode instead of just the relative frequency separation between modes.
The operating temperature was maintained at 25o C for the entirety of the project. I
believe that repeating the experiments reported in this thesis but for different values of
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the operating temperature is the perfect first step for whoever is continuing the project.
In particular, since it was demonstrated that QDLs can display great stability at high
temperatures, [14, 15] it would be beneficial to study their dynamics induced by optical
feedback at high temperatures.
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